Neurotransmission depends on synaptic vesicle (SV) exocytosis driven by soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex formation of vesicular synaptobrevin/ VAMP2 (Syb2). Exocytic fusion is followed by endocytic SV membrane retrieval and the high-fidelity reformation of SVs. Syb2 is the most abundant SV protein with 70 copies per SV, yet, one to three Syb2 molecules appear to be sufficient for basal exocytosis. Here we demonstrate that loss of the Syb2-specific endocytic adaptor AP180 causes a moderate activity-dependent reduction of vesicular Syb2 levels, defects in SV reformation, and a corresponding impairment of neurotransmission that lead to excitatory/inhibitory imbalance, epileptic seizures, and premature death. Further reduction of Syb2 levels in AP180 À/À /Syb2 +/À mice results in perinatal lethality, whereas Syb2 +/À mice partially phenocopy loss of AP180, indicating that reduced vesicular Syb2 levels underlie the observed defects in neurotransmission. Thus, a large vesicular Syb2 pool maintained by AP180 is crucial to sustain efficient neurotransmission and SV reformation.
INTRODUCTION
Neurotransmission involves the fast millisecond timescale exocytosis of neurotransmitter-containing synaptic vesicles (SVs) mediated by the assembly of complexes between soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), which aid in SV docking (Imig et al., 2014) and catalyze fusion by pulling the fusing membranes together as they zipper up. Neuronal trans-SNARE complexes comprise the vesicular SNARE synaptobrevin 2 (also referred to as VAMP2) (Syb2) and the plasma membrane SNAREs syntaxin and SNAP25 (Jahn and Fasshauer, 2012 ; Sü dhof and Rothman, 2009). Post-fusion, the resulting cis-SNARE complexes are disassembled by NSF and its cofactor SNAP (Cheung and Cousin, 2013; Granseth et al., 2006; Jahn and Fasshauer, 2012; Sü dhof and Rothman, 2009; Watanabe et al., 2013b; Zhang et al., 2009) .
While complete loss of any of the neuronal SNAREs is lethal due to abrogated evoked neurotransmission, the actual number of SNARE complexes required for efficient membrane fusion in vivo is uncertain (Hernandez et al., 2014) . Current estimates suggest that the assembly of one to three complexes may be sufficient to overcome the energy barrier for basal membrane fusion (Cohen and Melikyan, 2004) , in agreement with experimental results from liposomal fusion studies in vitro (van den Bogaart et al., 2010) and with data from neuroendocrine cells or primary neurons in culture (Mohrmann et al., 2010; Sinha et al., 2011) . These low numbers, however, are in striking contrast to the fact that presynaptic SNAREs are among the most abundant components of synapses (i.e., more than 20,000/bouton) (Wilhelm et al., 2014) with about 70 Syb2 molecules per single SV (Takamori et al., 2006) . It seems therefore likely that the number of SNARE complexes per vesicle has an effect on the speed and efficiency of neurotransmitter release under physiological conditions in vivo (Sü dhof, 2013) .
In addition to their function in neurotransmitter release, the number of SNAREs such as Syb2 may be crucial for coupling exocytosis to the subsequent endocytic retrieval of SV membranes and/or the reformation of properly sized and shaped SVs of the correct composition (Dittman and Ryan, 2009; Kononenko and Haucke, 2015; Rizzoli, 2014; Saheki and De Camilli, 2012) . In support of this hypothesis, neurons from Syb2 knockout (KO) mice display alterations in SV size and shape (Deá k et al., 2004; Imig et al., 2014) , indicating a possible function for Syb2 in SV reformation (e.g., by nucleating an endocytic protein coat) (Deá k et al., 2004; Xu et al., 2013) . The mechanisms involved in retrieval of SV membranes and SV reformation, however, remain controversial (Dittman and Ryan, 2009; Kononenko and Haucke, 2015; Rizzoli, 2014; Saheki and De Camilli, 2012) . Genetic, cell biological, and biochemical data support an important role for clathrin-mediated endocytosis (CME) in SV recycling (Dickman et al., 2005; Ferguson et al., 2007; Gad et al., 2000; Granseth et al., 2006; Kasprowicz et al., 2008; Kononenko et al., 2014; Milosevic et al., 2011; Shupliakov et al., 1997; Yim et al., 2010) . Clathrin/AP-2-associated sorting adaptors such as AP180 (termed Lap in D. melanogaster and Unc11 in C. elegans) have been linked to sorting of specific SV cargo (i.e., Syb2 in the case of AP180/Lap) (Dittman and Ryan, 2009; Kononenko and Haucke, 2015; Koo et al., 2011; Nonet et al., 1999; Rizzoli, 2014; Saheki and De Camilli, 2012; Zhang et al., 1998) . Our own recent work indicates that clathrin and its major adaptor AP-2 mediate SV reformation from both the plasma membrane and from internal endosome-like vacuoles (ELVs) but are not essential for SV membrane retrieval (Kononenko et al., 2014) , indicating that SV recycling does not exclusively occur by CME. The existence of clathrin-independent pathways for endocytosis of presynaptic membranes is supported by flash-and-freeze experiments using single optogenetic stimuli that have suggested that SV membranes can be retrieved rapidly post-fusion within tens of milliseconds via clathrin-independent ultrafast endocytosis (Watanabe et al., 2013a (Watanabe et al., , 2013b . Ultrafast endocytosis results in the generation of ELVs from which SVs can reform in a subsequent clathrin-dependent budding process (Watanabe et al., 2014) . However, if SV membranes were retrieved exclusively by ultrafast endocytosis as postulated (Watanabe et al., 2014) , eliminating clathrin-associated sorting adaptors would result in the accumulation of SV proteins (e.g., Syb2) in internal ELVs rather than on the surface of the neuronal plasma membrane.
To obtain insight into the mechanisms by which SVs are reformed and to unravel the physiological consequences of Syb2 missorting and partial depletion from SVs in vivo, we generated KO mice lacking the Syb2-specific clathrin-associated sorting adaptor AP180. AP180 and its ubiquitously expressed close paralog CALM (Bushlin et al., 2008; Koo et al., 2011; Maritzen et al., 2012; Miller et al., 2011) directly interact with and facilitate endocytosis of Syb2 (Koo et al., 2011) . We show that loss of AP180 causes activity-dependent defects in Syb2 recycling resulting in reduced vesicular Syb2 levels, the accumulation of ELVs, and impaired neurotransmission leading to excitatory/inhibitory imbalance, epileptic seizures, and premature death. A further reduction of Syb2 levels in AP180
Syb2
+/À mice causes perinatal lethality, whereas Syb2 +/À mice partially phenocopy loss of AP180. These data show that a large vesicular Syb2 pool safeguarded by high-fidelity AP180-dependent Syb2 sorting is crucial to sustain efficient neurotransmission and properly reform SVs of the correct size and composition.
RESULTS

AP180 Is Crucial for Normal Behavior and Survival
Syb2 in addition to its SNARE partners associates with the endocytic adaptor protein AP180 (Koo et al., 2011) , one of the major clathrin binding proteins in brain (Ahle and Ungewickell, 1986) . This interaction may regulate Syb2 sorting to SVs during SV recycling and, thus, vesicular Syb2 levels. AP180 is unique among the known endocytic proteins in being expressed in excitatory as well as inhibitory neurons ( Figure S1A ), but not in any nonneuronal cell type (Zhou et al., 1992) . Structured illumination microscopy (SIM) offering super-resolution of 120 nm in xy and 250 nm in z revealed the exclusive localization of AP180 to presynaptic terminals, where it surrounds SV clusters (Figures 1A, 1B, and S1B; Table S1 ), consistent with a function of AP180 in SV recycling. To further delineate the precise place of action of AP180 within synapses, we turned to electron microscopy of stimulated neurons in culture in conjunction with Tokuyasubased immunolabeling. Quantitative immunoelectron microscopy analysis confirmed the apparently exclusive localization of AP180 to the presynaptic compartment ( Figures 1D, S1C , and S1D). Within stimulated presynaptic boutons, AP180 localized to small vesicles, presumably comprising endocytic vesicles and endosomes cut in cross-section; to large ELVs; and to endocytic structures on the plasma membrane ( Figures  1C and 1D ). This subsynaptic localization pattern agrees well with the fact that AP180 tightly associates with clathrin (Morgan et al., 2000) and with the observation that clathrin mediates SV reformation from both the plasma membrane and from internal endosomal structures (Kononenko et al., 2014; Morgan et al., 2000) . To analyze the potential role of AP180 in Syb2 sorting and SV reformation in vivo, we generated AP180 À/À (KO) mice by (C) Representative images in which AP180 is seen to localize to the plasma membrane (PM), ELVs, and small vesicles, likely of endocytic or endosomal origin. For easier orientation, relevant structures are outlined on separate image. 10-nm gold particles are depicted in yellow, PM in blue, small vesicles in red, and ELVs in green. Scale bar: 200 nm.
(D) Quantification of the subsynaptic distribution of AP180 puncta from images as in (C). The gold particle number was corrected for the amount of unspecific labeling observed in KO boutons. Postsyn., postsynapse; presyn., presynapse; PM, plasma membrane; ELVs, endosome-like vacuoles. N = 79 boutons for WT and 54 for KO.
(E) Cre/lox-system-based KO strategy for the AP180 locus. , and AP180 À/À mice from (E).
Data are represented as mean ± SEM. See also Figure S1 and Table S1 .
deleting exons 3-6 ( Figure 1E ), resulting in the absence of AP180 protein expression ( Figures 1F, S4A , and S4B). AP180 À/À mice were born at Mendelian ratios ( Figure 1G ) and were indistinguishable from AP180 +/+ (wild-type [WT]) littermates at birth but soon lagged behind in growth ( Figure 1H ) with the most severely affected individuals dying around the time of weaning ( Figure 1J ). AP180 À/À mice reaching adulthood appeared healthy except for a 26% weight reduction ( Figure 1I ) and did not show any alterations in overall brain morphology or synapse number ( Figures S1E-S1G ). However, they displayed severe neurological symptoms such as hind limb clasping (HLC) (Figure 2A ), a phenotype also observed in mouse models of autism spectrum disorders (ASDs) (Chao et al., 2010; Gemelli et al., 2006; Schmeisser et al., 2012 ) and Alzheimer's disease (Lalonde and Strazielle, 2011) and suffered from spontaneous epileptic seizures with tonic-clonic convulsions ( Figure 2B ). Although most seizures appeared to be mild, we also observed instances of fatal seizures with tonic extensions that failed to resolve. These events explain the severely impaired postnatal viability of AP180 À/À mice ( Figure 1J ). In addition to neurological impairments, AP180 À/À mice displayed pronounced behavioral phenotypes in open field and novel object assays such as increased overall activity as well as increased explorative behavior (Figures 2C and 2D ; Table S2 ). In addition, they showed a striking lack of anxiety in the elevated plus-maze ( Figure 2E ; Table S2 ) with nearly equal times spent on the open and closed arms of the maze and impaired nesting behavior ( Figure 2F ). Thus, loss of AP180 leads to drastically reduced postnatal (F) After 24 hr of single housing, WT mice had organized the provided paper towel into a nest, whereas AP180 À/À mice did not do so (N = 4).
Data are represented as mean ± SEM. See also Figure 3A ). Analyses of stimulus response curves revealed reduced basal synaptic transmission in AP180 À/À mice ( Figure 3B ). Higher stimulation intensities were required in KO slices to elicit responses with maximal amplitudes ( Figure S2A ), and the ratios of maximal fEPSP amplitudes over the amplitudes of the pre-spike were significantly reduced in AP180 À/À ( Figure 3C ). Reduced basal transmission was not due to altered synapse numbers ( Figure S1G ) or impaired recruitment of presynaptic volleys ( Figure S2B ) and, thus, is most consistent with a decreased presynaptic release probability, a hypothesis further underscored by the reduced frequency but normal amplitude of miniature excitatory postsynaptic currents measured by patch-clamp recordings (Figure S3) . In agreement with this interpretation, slices from AP180 À/À mice showed increased paired-pulse facilitation (PPF) of fEPSPs ( Figure 3D ), a parameter for short-term presynaptic plasticity (Catterall and Few, 2008 ). Short-term plasticity (STP) induced by theta burst stimulation, another well-established parameter of presynaptic plasticity (Catterall and Few, 2008; Zucker and Regehr, 2002) , was likewise increased (Figures 3E and S2C) , whereas postsynaptic long-term potentiation (LTP) (Bliss and Collingridge, 2013; MacDougall and Fine, 2014) was unchanged ( Figures 3E and S2C ). The latter is consistent with the exclusive presynaptic localization of AP180 ( Figures 1A-1D ) and the absence of significant alterations in postsynaptic GluR1 levels (AP180 À/À = 98% ± 24% of WT, N = 3).
Reduced basal neurotransmission and elevated PPF persisted in the presence of the GABA A receptor blocker picrotoxin (Figures S2D and S2E) , suggesting that this defect indeed is due to impaired excitatory synaptic function. To probe whether loss of AP180 affects sustained synaptic transmission, we applied repeated stimulations at 20 Hz. Following an initial facilitation ( Figure S2F ), AP180 À/À slices showed accelerated synaptic rundown, indicative of faster depletion of the releasable vesicle pool in the absence of AP180 ( Figures 3F and S2F ). These combined data indicate that AP180 loss impairs neurotransmission, most likely as a consequence of a decreased presynaptic release probability and an impaired ability to sustain transmitter release.
Ultrastructural Alterations upon Loss of AP180
To dissect the cause of these defects in neurotransmission in AP180 À/À mice, we analyzed the ultrastructure of excitatory and inhibitory perisomatic synapses in the CA1 area of the hippocampus. In both types of synapses, loss of AP180 led to significantly enlarged SVs, a change that was even more pronounced in inhibitory terminals (Figures 4A and 4B) , which contained elongated SVs that were 1.3-to 1.4-fold increased in size (Table S3) . These results are consistent with the SV size heterogeneity observed in AP180/Lap-deficient C. elegans (Nonet et al., 1999) and D. melanogaster (Vanlandingham et al., 2014; Zhang et al., 1998) and in synapses derived from Syb2 Imig et al., 2014) (discussed below).
Other parameters such as the overall size of synaptic terminals or the length of the active zone were unaffected by AP180 deficiency (Table S3) . Moreover, we observed a significant reduction in the total number of SVs in inhibitory synapses ( Figure 4C ), a change reflected in reduced SV protein levels at inhibitory boutons ( Figure S4D ). Partial SV depletion was counterbalanced by a concomitant accumulation of ELVs ( Figure 4D ) in both inhibitory and, less frequently, in excitatory synapses. These ELVs were similar to those seen in clathrin-or AP-2-depleted terminals (Kononenko et al., 2014) and often carried partial clathrin coats ( Figure 4E ), in agreement with the localization of AP180 to both the plasma membrane and to internal endosomal structures ( Figures 1C and 1D) . Consistent with the fact that AP180 is one of the major clathrin-binding proteins in brain (Morgan et al., 2000) , the overall levels of clathrin were reduced in brain lysates from AP180 À/À mice, whereas those of other endocytic proteins were unchanged ( Figures S4A and  S4B ). An exception was the compensatory upregulation of the ubiquitously expressed AP180 paralog CALM, which was retained at its perinatal level ( Figures S4A-S4C ). These data indicate that AP180 deficiency leads to defects in SV reformation that are particularly pronounced in inhibitory interneurons, which Table S3. often are characterized by tonic activity patterns (Hä usser and Clark, 1997) and, hence, strongly depend on fast and efficient SV reformation.
Loss of AP180 Impairs ActivityDependent Retrieval of Syb2 from the Neuronal Surface Altered size and shape of SVs paired with the accumulation of large ELVs have been seen not only in clathrin/AP-2 mutants (Kononenko et al., 2014) but also in nerve terminals of Syb2 À/À mice, which suffer from defects in SV recycling (Deá k et al., 2004; Imig et al., 2014) . Given these phenotypic similarities and the direct association of AP180 and CALM with Syb2 (Koo et al., 2011) , we first analyzed whether loss of AP180 results in a general defect in the kinetics of SV endocytic cycling. Hippocampal neurons from WT or AP180 À/À mice expressing chimeras of Syb2 or synaptotagmin 1 (Syt1) (Kaempf et al., 2015; Kononenko et al., 2013) fused at their luminal end to the pH-sensitive fluorescent protein pHluorin were probed with 200 action potentials (APs) at 20 Hz, and SV exo-endocytosis and subsequent reacidification was monitored by tracing fluorescence rise and decay. The calcium-sensing SV protein Syt1 is sorted by association with its own endocytic adaptor stonin 2 (Kaempf et al., 2015; Kononenko et al., 2013) and, in contrast to Syb2, does not interact with AP180 and therefore should serve as a suitable reporter for the kinetics of SV exoendocytosis in WT and AP180 À/À neurons. Syt1-pHluorin was internalized and reacidified with a nearly identical time constant to decay to 1/e of about 25 s in both WT and AP180 À/À neurons, suggesting that loss of AP180 does not compromise the speed of SV membrane retrieval. Endocytosis and reacidification of Syb2-pHluorin occurred with a statistically insignificant delay in neurons from AP180 À/À mice (Figures 5A, 5B, and S5A). Thus, the kinetics of SV membrane retrieval during a single stimulus train are unaffected by loss of AP180, similar to what has recently been shown for clathrin and AP-2 (Kononenko et al., 2014) . These data are thus consistent with the existence of clathrinindependent pathways of presynaptic membrane retrieval (Kononenko et al., 2014; Watanabe et al., 2014) . Sustained neurotransmission not only requires that presynaptic membrane area is restored post-fusion but also depends on the reformation of SVs of the correct size and composition as vesicles undergo multiple consecutive rounds of exo-and endocytosis (Dittman and Ryan, 2009; Kononenko and Haucke, 2015; Rizzoli, 2014; Saheki and De Camilli, 2012) . The required high fidelity of SV protein sorting is conceivably controlled by endocytic adaptors such as AP180 to maintain the high vesicular Syb2 pool over multiple SV cycles. If, according to this model, exocytosed Syb2 is retrieved via AP180-mediated endocytic sorting from the neuronal surface, loss of AP180 function would be expected to result in selective stranding of unretrieved Syb2 but not other SV proteins, such as Syt1 at the plasma membrane. Indeed, we observed a significant elevation in the fraction of unretrieved (i.e., fluorescent) Syb2-pHluorin molecules that remained on the cell surface in the absence of AP180 ( Figure 5C ) after the end of the stimulus train. In contrast, retrieval efficiency of Syt1-pHluorin, a SV protein that does not associate with AP180 and is sorted by its own adaptor stonin 2 instead (Kaempf et al., 2015; Kononenko et al., 2013) , was indistinguishable from that of WT neurons ( Figure 5C ). To corroborate the hypothesis that loss of AP180 causes missorting of Syb2 to the neuronal surface, we applied an established acid-pulse protocol that allows the determination of the partitioning of SV proteins between quenched vesicular and non-quenched fluorescent surface pools (Kononenko et al., 2013) at steady state. Defective retrieval of Syb2 but not of Syt1 was also overt from the analysis of the steady-state distribution of SV proteins between acidic vesicular compartments and the neuronal surface ( Figure 5D ). These data demonstrate that loss of AP180 leads to a selective accumulation of Syb2 at the neuronal surface and its corresponding depletion from acidic intracellular organelles due to impaired endocytic sorting during SV recycling.
Given that the endocytic function of AP180 in neurons from newborn animals can be partially compensated for by its paralog CALM (Koo et al., 2011) , which also associates with and sorts Syb2, and that CALM is upregulated in AP180 À/À mice, we studied the effect of concomitant CALM depletion on Syb2 retrieval. SiRNA-mediated depletion of CALM in the absence of AP180 indeed further aggravated Syb2 missorting to the neuronal surface ( Figure 5F ). To test whether defective Syb2 retrieval in absence of AP180 indeed is a specific consequence of impaired direct recognition of Syb2 by AP180, we conducted rescue experiments in hippocampal neurons from AP180 À/À mice that were depleted of CALM. Re-expression of WT AP180 rescued impaired Syb2-pHluorin retrieval during exoendocytic SV cycling ( Figure S5E ) as well as Syb2 stranding at the neuronal surface (Figures 5F). In contrast, a Syb2-binding defective point mutant of AP180 ( Figure 5E ) (designed based on the crystal structure of CALM in complex with Syb/VAMP8) (Miller et al., 2011) , which retains the ability to bind to AP-2 ( Figure S5B ) and clathrin ( Figure S5C ), did not rescue impaired Syb2 retrieval ( Figure S5E ) or surface stranding ( Figure 5F ) in spite of its normal expression level ( Figure S5D ). Mutant AP180 also failed to rescue Syb2 stranding at the neuronal surface of AP180 À/À neurons not depleted of endogenous CALM ( Figure S5F ). These data indicate that missorting of Syb2 in the absence of AP180 is a direct consequence of failed Syb2 retrieval during consecutive rounds of SV recycling. As the accumulation of Syb2 at the presynaptic membrane is activity dependent, it should be ameliorated by eliminating the need for SV recycling by a block of neurotransmission. To test this hypothesis directly, we probed Syb2 surface accumulation in control neurons and neurons silenced by the application of the voltage-gated sodium channel blocker tetrodotoxin (TTX). Indeed, silencing neurotransmission rescued Syb2 surface accumulation in the absence of AP180/CALM to WT levels ( Figure 5G ). Elevated neuronal activity, conversely, is expected to aggravate SV protein surface accumulation. As inhibitory neurons often display tonic activity (Hä usser and Clark, 1997), one might therefore expect defects in SV protein retrieval to be particularly prominent at inhibitory synapses, consistent with observations in dynamin 1 KO mice (Hayashi et al., 2008) . To determine whether loss of AP180 differentially affects Syb2 retrieval at excitatory versus tonically active inhibitory synapses, we analyzed Syb2-pHluorin partitioning between vesicular and cell surface pools in neurons labeled live with antibodies against the lumenal domain of the vesicular GABA transporter (VGAT) to distinguish inhibitory from excitatory boutons. As predicted, the fraction of surface-stranded Syb2-pHluorin was significantly larger in inhibitory boutons of AP180/CALM-depleted neurons compared to excitatory boutons with nearly 80% of all Syb2 molecules becoming stranded at the neuronal surface ( Figure 5H ). The prominent missorting of Syb2 in cultured inhibitory neurons was matched by a partial loss (>40%) of native endogenous Syb2 from SVs immunoisolated from inhibitory nerve terminals of AP180 À/À mice ( Figures   5I and 5J ). These results show that loss of AP180 perturbs inhibitory synapses more profoundly than excitatory ones, possibly resulting in excitatory/inhibitory imbalance, a well-established cause of hyperactivity and epilepsy.
Excitatory/Inhibitory Imbalance in Absence of AP180
To test whether loss of AP180 indeed leads to excitatory/inhibitory imbalance, we assessed GABAergic feedback inhibition by recording paired-pulse ratios (PPRs) of population spikes (PSs) in CA1 stratum pyramidale ( Figure 6A ), which are potently modulated by inhibitory transmission (Freund, 2003; Freund and Buzsá ki, 1996) . The transient GABAergic perisomatic feedback inhibition following upon APs generated by pyramidal cells normally reduces the response to a second stimulus delivered within a short interval ( Figure 6B ). However, AP180 À/À mice displayed larger responses to the second stimulus when compared to WT littermates resulting in an elevated PPR (Figure 6C ). These data suggest that GABAergic feedback inhibition is decreased in AP180 À/À animals. Moreover, activity-dependent disinhibition induced by 1 Hz stimulation within the hippocampal network revealed enhanced facilitation of PSs in AP180 À/À mice as well as increased polyspiking activity ( Figure 6D ). In fact, ten out of 14 AP180 À/À slices exhibited pronounced polyspiking activity (1 mV and higher), while only three out of 14 AP180 +/+ slices showed polyspiking. These data suggest that loss of AP180 may result in excitatory/ inhibitory imbalance. To directly probe this, we turned to patchclamp recordings. In line with the results of field recordings (compare Figure 6) , we found excitatory postsynaptic currents (EPSCs) as well as inhibitory postsynaptic currents (IPSCs) to be reduced in AP180 À/À slices ( Figures 7A, 7B , and S6) with inhibitory neurotransmission being affected significantly stronger than excitatory neurotransmission ( Figure 7C ). This conclusion was further corroborated in analyses of STP using the paired-pulse paradigm ( Figures 7D and 7E ). Loss of AP180 caused a significantly stronger facilitation of IPSCs compared to EPSCs ( Figure 7F ). These data indicate that loss of AP180 impairs excitatory and, more profoundly, inhibitory neurotransmission, resulting in excitatory/inhibitory imbalance. Our collective data show that loss of AP180 results in defective Syb2 retrieval and the activity-dependent partial redistribution of Syb2 from vesicular to cell surface pools. This phenotype is particularly prominent in tonically active inhibitory synapses leading to excitatory/inhibitory imbalance, which likely underlies the electrophysiological and behavioral defects as well as the epilepsy seen in AP180 À/À mice.
Syb2 +/-Mice Phenocopy Loss of AP180
Our data shown thus far are consistent with the hypothesis that reduced vesicular Syb2 levels impair the efficiency of neurotransmission, although they clearly do not eliminate transmitter release (Mohrmann et al., 2010; Sinha et al., 2011; van den Bogaart et al., 2010) , in line with what has recently been shown for the plasma membrane SNARE syntaxin (Arancillo et al., 2013) . However, it is also conceivable that neurotransmission is sensitive to excess surface-localized Syb2. To distinguish between these two possibilities, we turned to a genetic approach: If indeed SV reformation and neurotransmission were impaired by excess surface-stranded Syb2, lowering the total copy number of Syb2 molecules should ameliorate the phenotypic defects of AP180 À/À mice. Matveeva et al., 2012) and showed increased PPF similar to AP180 À/À mice ( Figures   8G and 8H ), phenotypes further aggravated by reducing the copy number of AP180 molecules in AP180 +/-/Syb2 +/À compound heterozygous mice ( Figures 8F and 8H ). These data indicate that AP180 and Syb2 act within the same pathway, as evidenced by their genetic interaction in mice in vivo. They further suggest that the loss of vesicular Syb2 rather than the accumulation of Syb2 on the neuronal surface accounts for impaired neurotransmission in the absence of AP180 in vivo.
DISCUSSION
We have unravelled an essential role for AP180-mediated highfidelity sorting of Syb2 in SV reformation and neurotransmission in vivo, a function that is particularly important at tonically active inhibitory synapses, where SVs undergo frequent cycles of exocytosis and endocytic SV reformation. While we cannot exclude that loss of AP180 affects the sorting of additional synaptic proteins, our functional and genetic data are most consistent with the notion that even a moderate reduction of Syb2 levels on SVs impairs neurotransmission. While a few SNARE complexes clearly suffice to support neuroexocytosis (Mohrmann et al., 2010; Sinha et al., 2011; van den Bogaart et al., 2010) , recent data from mutant mice expressing constitutively open syntaxin 1 (Acuna et al., 2014) demonstrated that elevating the number of assembled SNARE complexes per vesicle dramatically increases release probability and fusion kinetics. Conversely, reducing the copy number of syntaxin, one of the most abundant SNAREs present at concentrations of more than 100 mM at central synapses (Wilhelm et al., 2014) , lowers release probability and slows refilling of primed SVs (Arancillo et al., 2013) . How precisely the copy number of Syb2 molecules per SV modulates exocytosis is unclear but may pertain to the degree of SNARE cooperativity (Hernandez et al., 2014) or their role in vesicle priming or docking (Imig et al., 2014) , among other possibilities. In addition to its established function in exocytosis, Syb2 facilitates SV recycling, possibly by nucleating a SNARE-dependent endocytic coat (Deá k et al., 2004; Xu et al., 2013; this study) . The low-affinity interaction between Syb2 and AP180 likely fulfills this function by coupling Syb2 sorting to clathrin/AP-2-mediated SV reformation. Consistent with this hypothesis, we find clathrin/ AP-2 and Syb2 to be partially depleted from nerve terminals of AP180 À/À mice ( Figure S7A ). Conversely, overexpressed Syb2 suffices to nucleate AP180 coats on internal, probably endosomal membranes ( Figure S7B ), suggesting a model ( Figure S7C ) in which Syb2, the most abundant SV protein by copy number, may locally concentrate AP180 and clathrin on the plasma membrane and on ELVs (Kononenko et al., 2014; Watanabe et al., 2013b) to facilitate SV reformation. This model agrees with the observed localization of AP180 at endosomal structures and at the plasma membrane ( Figures 1C-1E ) and with prior data suggesting that clathrin/AP-2 facilitate SV reformation from both the plasma membrane and from internal ELVs (Kononenko et al., 2014) . Interestingly, the copy number of Syb2 molecules per vesicle (about 70) (Takamori et al., 2006) closely matches the number of clathrin triskelia required to coat a newly forming SV (about 50-60) (Brodsky, 2012; Wilhelm et al., 2014) during its endocytic itinerary. Loss of AP180 in this model would result in activity-dependent missorting of Syb2 to the neuronal surface, impaired clathrin/AP-2-mediated SV reformation due to defective recruitment of AP180 and clathrin, and the concomitant accumulation of ELVs as a result of defective clathrin/AP180-mediated SV reformation from these structures akin to what has been reported for Drosophila mutants of AP180 and clathrin (Heerssen et al., 2008; Kasprowicz et al., 2008; Zhang et al., 1998) . Indeed, all of these phenotypes are prominently observed in particular in inhibitory neurons of AP180 À/À mice. Of importance, the observed surface accumulation of Syb2 at the neuronal plasma membrane is inconsistent with the recent proposal that all SV proteins are exclusively retrieved by ultrafast endocytosis, followed by SV reformation from endosomal structures (Watanabe et al., 2014) . Instead, our data are most consistent with a model according to which clathrin/AP180 depending on the frequency of firing reform Syb2-containing SVs either directly from the plasma membrane via conventional CME or from ELVs following clathrin-independent membrane retrieval Kononenko et al., 2014) , possibly involving ultrafast (Watanabe et al., 2013b; Watanabe et al., 2014) or other forms of bulk endocytosis (Cheung and Cousin, 2013) . Genetic manipulation of endocytic proteins in this model would lead to alterations in SV size and shape due to defects in membrane deformation and/or coat assembly as reported for several endocytic protein mutants (Dittman and Ryan, 2009; Ferguson et al., 2007; Milosevic et al., 2011; Nonet et al., 1999; Saheki and De Camilli, 2012; Zhang et al., 1998) , acute perturbation of AP180 function in squid axons (Morgan et al., 1999) , and endocytic vesicles in non-neuronal cells depleted of the clathrin-associated AP180 paralog CALM (Meyerholz et al., 2005; Miller et al., 2015) . Neurons from AP180 À/À mice suffer from accelerated synaptic rundown, indicative of faster depletion of the releasable vesicle pool in response to repeated stimulation (see Figure 3F ). Synaptic rundown may be the result of impaired SV replenishment due to defects in SV priming, which has recently been shown to depend on the presence of Syb2 on SVs (Imig et al., 2014) . An additional non-exclusive possibility is that defects in sustained neurotransmission are caused by impaired SV reformation: Enlarged vesicles and ELVs accumulating in AP180 À/À neurons likely do not contribute to neurotransmission, as suggested by the fact that mEPSC amplitudes remain unaltered in slices from AP180 À/À mice ( Figure S3) . Hence, the number of releasable SVs at AP180-deficient synapses may be insufficient to sustain high-frequency neurotransmission. Interestingly, AP180 has been associated with psychotic bipolar disorder (Goes et al., 2012) and ASDs (Ben-David and Shifman, 2012), established ''synaptopathies'' (Bourgeron, 2009; Sü dhof, 2008; Zoghbi, 2003) . In fact, excitatory/inhibitory imbalance not only underlies epilepsy but has also been implicated in mouse models for ASDs (Tabuchi et al., 2007) . Individuals with ASD are at high risk for hyperactivity disorder and seizures and show impaired social interaction (Canitano, 2007) . Similar to what has been observed in a number of mouse models for ASD (Silverman et al., 2010) , AP180 À/À mice display reduced conspecific recognition or interest for social novelty in the three-chamber test (Table S2 ) (akin for instance to autisticlike behaving Shank2 À/À mice) (Schmeisser et al., 2012) as well as impaired nesting behavior ( Figure 2F ). Whether and how alterations in AP180 contribute to neuropsychiatric disorders remains open at this point but may be a fruitful avenue for future studies.
EXPERIMENTAL PROCEDURES
Generation of AP180 -/-Mice
A floxed neomycin resistance cassette was inserted in front of exon 3 and an additional loxP site after exon 6 of the AP180 gene. Using Ella-Cre Deleter mice, the neomycin resistance cassette as well as exons 3 to 6 were removed ( Figure 1E ) to obtain the KO allele. All experiments in the present study were conducted in accordance with the guidelines of the LAGeSo Berlin and with their permission.
Immunoblot Analysis of Tissue Extracts
Brains were homogenized, and the lysate was centrifuged at 20,800 3 g for 10 min at 4 C. The protein concentration was determined by Bradford assay.
Samples were analyzed by SDS-PAGE and immunoblotting.
Immunoisolation
Brain homogenates were incubated with mouse VGAT-coupled pan mouse IgG Dynabeads for 2 hr at 4 C on a rotating wheel. After thorough washing, proteins were eluted with sample buffer by cooking for 10 min at 70 C.
pHluorin Imaging of Living Neurons
On DIV 12-15, prior to imaging, hippocampal neuron cultures were incubated with VGAT-Oyster 650 antibody, whenever inhibitory terminals needed to be assessed separately. Neurons were imaged live, and only boutons responding to stimulation with 200 APs (20 Hz, 100 mA) were used for analysis of surface and vesicle fractions of pHluorin and for analysis of the kinetics of membrane retrieval.
Immunofluorescence of Primary Neurons
On DIV 14-16, primary neurons were fixed with 4% PFA, washed, quenched and blocked/permeabilized, and incubated with primary antibody for 1 hr at room temperature. After washing, cells were incubated with Alexa-coupled secondary antibodies in the dark for 1 hr. Cells were washed and mounted.
Evaluating Surface Syb2 Pool in Silenced Cultures
On DIV 6, neurons were transfected with pHluorin plasmids and incubated with 1 mM TTX, which was renewed on DIV 10. On DIV 14, cells were fixed with 4% PFA. Cells were washed, quenched and blocked, and then incubated with CF647-labeled GFP-Trap nanobodies for 1 hr at room temperature. After washing cells were mounted. SIM 14-19 DIV neurons were fixed, quenched, and blocked/permeabilized. Immunofluorescence staining was performed using AP180-, VGLUT-, and Homerspecific antibodies followed by Alexa Fluor secondary antibodies. Stained neurons were mounted in Vectorshield and sealed with nail polish. Three-color 3D SIM was performed on an OMX V4 Blaze (GE Healthcare) using the 488 nm, 568 nm, and 643 nm laser lines and standard filter sets.
Nissl and Dapi Staining and Immunohistochemistry
For Dapi staining and immunohistochemistry, 40 mm cryo sections were washed, permeabilized, blocked, and subsequently incubated with the primary antibody at 4 C for 2 days. After washing, secondary antibody and 1 mg/ml Dapi were applied for 2 hr in the dark. Sections were washed and mounted before coverslipping with ImmuMount. For Nissl staining, sections were mounted in gelatine, dryed, and stained with cresyl violet solution following standard protocols.
Electrophysiology
Recordings of Extracellular Field Potentials 2-to 3-month-old mice were used for acute hippocampal field electrophysiology. Slices were transferred into a submerged recording chamber (Warner instruments RC-27L), filled with ACSF with a solution exchange of 3-5 ml per min at 22 C-24 C. Schaffer collaterals of CA1 stratum radiatum were stimulated using a glass electrode (Hilgenberg) filled with ACSF (1-1.5 MU). A similar glass electrode (1.5-2.5 MU) placed in the distal part of the CA1 region was used for recordings of fEPSPs and PSs. The data were recorded at a sampling rate of 10 kHz, low-pass filtered at 3 kHz, and analyzed using PatchMaster software and EPC9 amplifier (Heka Elektronics).
Patch-Clamp Recordings
Whole-cell voltage-clamp experiments were performed in young (17-to 21-day-old) AP180 mice, and pharmacologically isolated excitatory and inhibitory currents were measured for both genotypes. CA1 pyramidal neurons were visually identified using 403 objective with a differential interference contrast attachment. After whole-cell configuration, neurons were clamped at À60 mV, and cells with series resistance more than 20 MU (compensated to 70%) and leak currents more than 200 pA were discarded from analyses. See the Supplemental Experimental Procedures for a full description of all electrophysiology methods used. Further information on plasmids, siRNAs antibodies, HEK293 culture and transfection, binding assays and immunoprecipitations, electrophysiology, behavioral assays, and electron microcopy procedures is found in the Supplemental Experimental Procedures.
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